The performance of a MIMO-OFDM system significantly depends upon the accuracy of the channel impulse response (CIR) estimates. In the presence of correlation between the CIRs of the transmit or receive antennas, it is desirable to exploit this correlation to improve the performance of CIR estimation. In this letter, we propose a low-complexity channel estimation filter composed of four concatenated one-dimensional Wiener filters which are optimized to the channel characteristics in the time and frequency domains, and the transmit and receiver antenna front ends, respectively. Finally, the performance of the proposed scheme is verified.
Introduction
Recently, orthogonal frequency division multiplexing (OFDM) has attracted much attention for next generation wireless access systems. To increase the throughput of OFDM, it is crucial to accurately measure the channel impulse response (CIR). For a single-input single-output (SISO) system, a number of 2-dimensional (2-D) channel estimation (CE) schemes have been studied, where the channel correlation in the time and frequency domain is widely considered [1] , [2] .
To further increase the transmission rate without increasing signal bandwidth, the use of multiple antennas, called multi-input multi-output (MIMO) technique, has also recently received large attentions [3] . When the CIR has no correlation among the antennas in MIMO systems, it is not necessary to consider signals from other antennas for the improvement of CE. In this case, conventional CE schemes for single antenna systems can directly be applied to MIMO systems. On the other hand, in the presence of CIR correlation among the antennas, it may be desirable to take advantage of the correlation. Although a number of studies have been reported on the CE in single-carrier correlated MIMO systems [4] , [5] , only a few results have been reported on the OFDM systems [6] , [7] . A Kalman filtering technique was employed to estimate the CIR in a MIMO-OFDM system using a state-space model for spatial correlation between the antennas [6] . However, it may not practically be applicable due to a large amount of information for the channel modeling. Although the use of a 3-D Wiener channel estimation filter (CEF), which is an easy extension of 2-D Wiener CEFs in single antenna systems [1] , can provide the optimum performance in the minimum mean square error sense, it may not be implementable in practice because of a large number of filter taps. Recently, the use of maximum likelihood (ML) in the frequency domain and 2-D Wiener methods in the time/space domain has been considered [7] . However, it results in performance degradation compared to the 3-D Wiener CEF and only considers the correlation between the receive antennas. In this letter, extending the idea in [1] , [2] of employing separate CEFs in each domain to MIMO-OFDM systems, we propose a low-complexity Wiener filter structure where Wiener filtering is performed independently in each domain with near optimum performance. Following Introduction, the system and channel model are described in Sect. 2. Section 3 describes the proposed CE scheme. The performance of the proposed scheme is verified in Sect. 4. Finally, conclusions are summarized in Sect. 5.
System and Channel Model
Consider an OFDM transmitter with multiple antennas, where
are converted into a time domain signal at the m-th transmit antenna and the i-th symbol time using inverse fast Fourier transform (FFT). Then, a cyclic prefix (CP) is inserted. In the receiver, the CP is removed before the FFT process. Assuming ideal synchronization in the receiver, the received symbol of the k-th subcarrier at the n-th receive antenna, n = 1, 2,· · · , N, can be represented by
where
is the frequency response of the CIR at the k-th subcarrier and the i-th symbol time for the (m,n)-th antenna pair, Z n [i, k] is the background noise plus interference term of the n-th receive antenna, which can be approximated as a zero mean additive white Gaussian noise (AWGN) with variance σ 2 Z . We consider the transmission over a wireless channel whose impulse response is represented as
where L n,m is the number of multipaths of the (m,n)-th antenna pair, δ(·) is Kronecker delta function, and τ l,n,m and h l,n,m (t) are the delay and complex-valued CIR at time t of the l-th path from the (m,n)-th antenna pair. Letting H n,m (t, f ) be the frequency response of the time domain CIR h n,m (t, τ), the frequency domain CIR with symbol time T s and subcarrier spacing f s can be represented in a discrete manner as
We consider a commonly used wide-sense stationary uncorrelated scattering (WSSUS) channel [3] ,
where * denotes complex conjugate. Assuming each path has the same normalized time-correlation function r t (∆i) with different average power σ 2 l , the correlation can be decomposed as [1] , [2] 
e − j2π∆kτ l . The channel correlation for a MIMO system can be represented as [6] , [7] 
where n i , n j ∈ {1, 2, · · · , N}, m i , m j ∈ {1, 2, · · · , M} and r s (·) denotes the spatial correlation function. Since the transmitter is far away from the receiver in general, the spatial correlation function can be decomposed into two correlations in the transmitter and receiver as [3] , [7] 
Proposed CEF
We consider pilot signals scattered in the time-frequency domain, as illustrated in Fig. 1 [1] , where the pilot and data symbols are sent exclusively through each transmit antenna as 
where the pilot symbols for each transmit antenna are spaced by d t and d f symbols in the time and frequency domain, respectively, in a rectangular grid. The CIR from each transmit antenna can be estimated without any interference from other transmit antennas. When the m-th transmit antenna sends pilot symbol, we can estimate the instantaneous CIR of the (m, n)-th antenna pair bỹ
We can estimate the CIR at the data symbol (i d , k d ) of the (m,n)-th pair by interpolating adjacent N t N f MN instantaneous CIRs (N t and N f pilot symbols in the time and frequency domains in every antenna pair) using a filter with coefficient w
The mean square error (MSE) of the estimated CIR can be minimized by employing a 3-D Wiener CEF
is the coefficient of the Wiener CEF determined by
Here, R = E HH (N t N f MN×1 ) cross-covariance vector between the desired CIR and the instantaneous CIR. Then, the MSE of the estimated CIR is represented as [3] 
H is the (N t N f MN×N t N f MN) autocovariance matrix of the instantaneous CIR and p[i
where P denotes a set of considered symbols, N P is the number of symbols in P and [8] . Although this costly complexity can be alleviated by approximation methods for matrix inversion [8] , [9] , they may be still impractical for real-time processing. As an alternative way to reduce the complexity without noticeable performance degradation, we consider the use of multiple low-dimensional Wiener filters by invoking the separation property of the channel correlation function.
The CIR of any antenna pair can be estimated by filtering in the frequency domain and then in the time domain using two 1-D Wiener CEFs with coefficient optimized to the correlation characteristics in the frequency and time domain, respectively. In this case, the filtering in the frequency domain is done once per d t symbols in Fig. 1 , requiring (d f + N f d t ) multiplications per symbol to obtain the CIR corresponding to the data symbol for each pair [2] . Finally, the CIR can be obtained by combining MN CIRs estimated from all antenna pairs. Similar to the filtering in the time and frequency domain, combining can be performed first among transmit antennas and then receive antennas, or vice versa. Consequently, we can replace a single 3-D Wiener CEF with four 1-D Wiener CEFs aŝ
Here, ⊗ denotes the Kronecker product, I A is a (A × A) iden- Figure 2 depicts the MSE of the estimate CIR as a function 
Performance Evaluation
of the signal to interference and noise power ratio (SINR), where the simulation parameters are summarized in Table 1 [10]. We consider the use of four element uniform linear dipole array antennas both at the transmitter and receiver, and two kinds of spatial channel correlation; high and low correlation in the transmitter and receiver antennas [11] . The degree of spatial correlation can differ according to antenna spacing in the same fading environment, e.g., antenna spacing of 0.2λ and 0.4λ for high and low correlated channel where λ is the wavelength of the modulated signal [12] . Due to the effect of mutual coupling, highly correlated antenna generally lowers the received power compared to slightly correlated antenna if they are evaluated in the same fading environment [12] , [13] . In this letter, however, the same average received signal power is assumed irrespective of spatial correlation in order to evaluate the effect of spatial correlation on channel estimation under the same SINR. For comparison, Fig. 2 also depicts the MSE with the use of the optimum 3-D Wiener CEF, and two 1-D Wiener CEFs optimized for a SISO scheme in the time and frequency domain [1] , [2] . It can be seen that the proposed scheme can provide near optimum CE performance, while the use of conventional two 1-D Wiener CEFs suffers from performance degradation especially when the channel has strong spatial correlation and the SINR is low. As another measure, Table 2 compares the required computational complexity. It can be seen that the proposed scheme can significantly reduce the implementation complexity over the 3-D Wiener CEF without noticeable performance degradation.
Conclusions
In this letter, we have proposed a cascaded four 1-D Wiener CEFs to reduce the implementation complexity of 3-D Wiener CEFs by exploiting the separation properties of the channel correlation in the time, frequency and spatial domain. The proposed scheme provides near optimum performance, while significantly reducing the implementation complexity. The same separation approach can be applied to other CEFs.
